The Pliocene Sajau coals of the Berau Basin area have a moderately to highly developed cleat system. Mostly the cleat fractures are well developed in both bright and dull bands, and these cleats are generally inclined or perpendicular to the bedding planes of the seam. The presence of cleat networks/fractures in coal seam is the important point in coalbed methane prospect. The 3D X-ray computed tomography (CT) technique was performed to identify cleats characteristics in the Sajau coal seams, such as the direction of coal cleats, geometry of cleat, and cleats mineralization. By CT scan imaging technique two different types of natural fractures observed in Sajau coals have been identified, that is, face cleats and butt cleats. This technique also identified the direction of face cleats and butt cleats as shown in the resulting 3D images. Based on the images, face cleats show a NNE-SSW direction while butt cleats have a NW-SE direction. The crosscutting relationship indicated that NNE-SSW cleats were formed earlier than NW-SE cleats. The procedure also identified the types of minerals that filled the cleats apertures. Based on their density, the minerals are categorized as follows: very high density minerals (pyrite), high density minerals (anastase), and low density minerals (kaolinite, calcite) were identified filling the cleats aperture.
Introduction
Coal is an important source of energy in many parts of the world. Coal is an important source and reservoir rock from which natural gas is formed. Coal is a sedimentary rock with complex polymeric material and dual porosity. The permeability and producibility of coalbed methane reservoir are influenced by distribution of pore and fractures/cleats.
The CBM accumulation, retention, and recovery involve mechanisms that are significantly different from those involved in the concentration of conventional gas reserves. Thus, the pore structure and cleats distribution are very important for gas flow pathway. There are three known gas flow mechanisms in coal [1, 2] : (1) desorption of gas from coal surface inside the microspores; (2) diffusion of gas through microspores as governed by Fick's law; and (3) Darcy flow through the cleat system, natural fracture network in the coal to the wellbore. However, it should be remembered that various types of minerals can fill cracks and when cracks are filled with minerals, CBM permeability and productivity will be reduced [3] [4] [5] . Cleats are one of the most important internal structures of coal. Cleats play an important role in CBM as they are responsible for determining cleats permeability networks, including cleat mineralization, morphology, and density, and how cleats are related to macroscale fracture permeability [6, 7] .
Maceral type, rank, and mineral contents influence cleats intensity in coals [8] [9] [10] . By nature, coals break easily into small pieces from core and outcrop samples. Therefore, to understand the coal cleat pattern at millimeter scale in coal samples, we need an effective and quick investigation technique that will not destroy samples but can give maximum results. An investigative technique that is increasingly used today is the CT scan tomography [11, 12] . The ability to perform 3D imaging without destroying samples is one of the advantages of the CT scan method. However, the CT scan method has a limitation as it produces noise and discretization that affect the imaging artifact and beam hardening and may thus cause CT number value to be higher than it should be [13, 14] . Although in the beginning X-ray CT was mainly used in medicine to image bone structures as introduced by [15] , it became soon clear that X-ray CT had a large potential for other applications. Since 1974, the CT scan was developed in many areas of geology, such as paleontology, sedimentology, petroleum geology, and coal geology [16] [17] [18] [19] [20] . Computed tomography (CT) is a recent, nondestructive state-of-the-art imaging technique which uses X-ray power to analyze the internal structure of different materials [21, 22] . It works on the basis of density contrast, taking the advantage of different levels of X-ray adsorption. Therefore, by this technique, different materials, interior structure of coals in coals can be identified in 3D by X-ray computed tomography (X-ray CT). In CBM reservoir evaluation, the combined use of X-ray CT techniques has helped to improve understanding about the pores, geometry, and direction of cleats and to examine the evolution of the 3D fracture network during stressing through failure in coals.
Berau Basin is one of the sedimentary basins in Indonesia that have huge coal reserves. Based on a study by [23] the basin has CBM reserves of about 8.4 Tcf. However, there are still insufficient studies of pores, fracture/cleats, and mineralization in coals. In addition, CT characteristics of coals of low rank coal have also yet to be reported. In this research, twelve coal core samples from the potential coal seam in Sajau CBM Prospect, Berau Basin, were investigated to describe cleats characteristics (including cleats direction and cleats mineralization). The aim of this study is to demonstrate capabilities of CT for nondestructive coal characterization, especially for cleat characteristics. The emphasis of this study is to show a new method for the quantification and 3D visualization of cleats orientation and mineralization.
Experimental Methods

Coal Sample
Characteristics. To achieve the aim of this research, 12 (twelve) fresh oriented coal blocks were directly collected from shallow well drilling in the Kasai, Mangkupadi, and Tanah Kuning coal mining areas in Sajau CBM Prospect, Berau Basin ( Figure 1 ). All core samples were CTscanned prior to coal quality and mercury injection capillary permeability (MICP) routine tests.
The coals selected for the research (Table 1) had a similar rank degree, that is, lignite. The samples also showed a very wide range of porosity, permeability, and mineralogy [24, 25] . The samples were dominated by huminite macerals range from 76.1 to 86.5 vol.% (average 83.81 vol.%), followed by liptinite macerals which have an average of 10.70 vol.% and inertinite macerals (average 5.49%). The samples' average huminite reflectance was 0.32%, which indicated that the coal was in an immature stage. The X-ray CT directly scanned all cores to determine the cleats network. The coal reservoir (including porosity and permeability) was measured by MICP and the results showed significant differences between these samples; the porosity Sajau coal was of 3.02-12.04% with the average 11.64% and standard deviation 2.86%, while the coal permeability ranged from 0.41 md to 128.24 md with an average of about 51.29 md and the standard deviation was 38.69 md. The significant differences in the permeability value indicate that the coals were heterogeneous.
CT Imaging Scans.
The X-ray CT is a nondestructive technique which detects the attenuation of X-rays passing through an object and is dependent on bulk density and effective atomic number. The X-ray attenuation coefficient data over the plane were stored in slice. The X-ray attenuation is mapped in Hounsfield units and converted to CT numbers, in each voxel of a CT image of the object, where
The is the calculated X-ray attenuation coefficient and is the attenuation of water. In this study we used a water phantom for CT number calibration; the CT number is 0 for water (1 gr/cc) and −1000 for air [26, 27] . The CT scans were performed on a Brightspeed Type equipment manufactured by GE Corporation, USA. The Xray source was a 225 kV Fein Focus focal spot, which allowed resolution to fall down to 10 m for an object of 4.8 mm.
The detector system was a Toshiba 3D image intensifier from which data are captured and digitized by a CCD digital camera with a spatial resolution. The CT slice thicknesses (0.3 mm) and slice increments (0.9 mm) were kept as thin as possible from slice to improve both resolution and contrast. The Mimics software was used for slice visualization of coal.
The CT scan produced images of 512 × 512 pixels with a pixel resolution of 50 × 50 m 2 of 4.4 lp/mm. The cylindrical coal sample was placed perpendicular to the sample pads. Further scanning is in azimuth radiation throughout 0 ∘ and 90 ∘ . Then, a series of scans were performed several times (slice). At each sample per meter is research sample scanning with a space of 300 m. The CT scan process produced a series of 2D images called "slices," which resulted from scanning with the azimuth angles 0 ∘ and 90 ∘ ; this is due to the image that will be in line with what would be seen if the object is sliced along the plane of the scan. Each slice would record all X-ray attenuation coefficients along the plane of the scan. Data damping was converted to CT number, of which range was specified by the computer system. Generally, CT numbers were listed as values of gray on gray imaging. A series of CT calibrations were used to maximize the signal-tonoise ratio and minimize or eliminate imaging artifacts that might affect interpretation.
The slice set images from CT scans of cylindrical coal samples were made from three directions, , , and . The scans in cross section of rock core diameter were the plane, while scanning in the direction of the axis of the core rock is the result of scanning the -axis. Combined slices of CT scan on the and planes were saved as a bitmap image and then converted to SegY format. To build the 3D coal image from X-ray CT scan, the CT image had to be converted to the 3D cleat aperture distribution [28, 29] developed. Furthermore, all slices scanned images were analyzed using the 3D visualization and modeling (Figure 2 ).
Results and Discussion
The CT scan of the oriented core rock samples performed on the scan axes , , and identified two sets of cleats, namely, face and butt cleats. Figure 3 shows the results of the scan axes , , and of various rock samples. The face cleat is characterized by an elongated shape and firm, continuous line that has a regular orientation direction, unlike the butt cleat, which has a form of short lines, always abutting with face cleat. Some authors mention that the angle of intersection between the butt cleats and face cleats is 90 ∘ [30] . However, in this study the separation angle is within the range of 81
Based on the analysis of 3D cleat orientation work flow (Figure 2) , the direction of the orientation of the face cleat International Journal of Geophysics and butt cleats could be determined. The various coal samples showed at least two known sets of cleat orientation: NNE-SSW and NW-SE. The face cleats showed a NNE-SSW direction while the butt cleat had a NW-SE direction. The direction orientation of cleats on core rock showed similarities to that which was measured on the outcrop sample. Measurement directions of cleats on various outcrops within the range of N 18
∘ -264 ∘ E belonged to face cleats and those within the range of N 62 ∘ -337 ∘ E belonged to butt cleats. Figures 4 and  5 show the scan results and interpretation of the direction of orientation of the cleats. From the same images it can also be seen that the face cleats in the direction NNE-SSW are abutting the cleats with NE-SW direction. This signifies that NNE-SSW cleats were formed first, followed by the cleats with the NW-SE direction. Then it can be stated that, chronologically, the formation of the cleats followed the NNE-SSW and NW-SE directions.
Tectonically, the structural geology in Berau Basin is influenced by deep-seated NE-SW sinistral Mangkalihat and Maratua. These faults play an important role not only in the arrangement of NW-SE and NNW-SSE fold but also in the cleats direction. The main stress ( 1 ) of cleats in Berau Basin is NW-SE (see Figure 4) . Based on the reconstruction of the structural elements, the relative compression stress of structural geology (fold and fault) also has approximately NE-SW direction ( Figure 5) . Therefore, the compressional stress ( 1 ) of fold, faults, and cleats has a similar direction. Thus, images produced from the CT scan of rock samples can be used to determine the direction (trend) of the main tectonics of regional patterns. The 3D reconstruction from slices of core samples of MNH-1A also indicates that the most dominant directions of orientation of face cleats and butt cleats were NNE-SSW and NW-SE, respectively, as shown in Figure 6 . The MNH-1A shows that two set of cleats are recognized: the face cleats and butt cleats. The angles of the face cleats were approximately in the range of 35 ∘ -45 ∘ on -plane, all of which were well developed and well connected. The butt cleats were rare and mostly found on the edge of the samples, and they developed on the -plane, with the angles ranging between 22 ∘ and 28 ∘ . All cleats had an aperture of approximately 0.2 mm and a cleat spacing of 0.2-0.82 mm.
By using CT scan measurements, the study has been able to identify at least the following three types of minerals density that fills cleats aperture: very high, high, and low density minerals. Figure 6 shows the CT scan images of the very high density mineral with CT numbers between 450 and 658 HU, bright white color, probably pyrite; high density mineral images were shown in white color and have CT numbers 250-410 HU, most likely anastase, while low density minerals probably kaolinite and calcite are represented by the grey color, CT numbers being in the range of 180-230 HU. In addition to filling cleats aperture, high density minerals are also scattered in the coal matrix, that is, pyrite in coal matrix International Journal of Geophysics
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Low density minerals Figure 7 : X-section slice images of cleat mineral and their infills as indicated by the X-ray CT technique of coal samples; very high density minerals (bright white, red oval), high density minerals (white, yellow oval), and low density minerals (grey, blue oval).
as seen in SH-106A ( Figure 7) . A mineral with a low density (kaolinite and calcite) was frequently detected, surrounding high density minerals (pyrite and anastase), such as rims along cleats. In the northern area (NG-19 and KAH-1) the majority of the cleats network was filled with minerals; these minerals could cause permeability level to be low (0.41-1.23 md). Meanwhile, in the southern part (SH-101A), only a few cleats were filled ( = 128 md). From the discussion above, the 3D reconstruction of the coal samples can provide cleat network imaging and cleats orientation and mineralization, which will give a different effect on gas permeability. This is very important in evaluating the potential of Sajau coal as a CBM reservoir. Furthermore, the CT scan technique will not damage the sample and does not require special preparation as other types of analysis do. This feature is an advantage when compared with 2D microscopic examination techniques.
The 3D modeling from CT image also has some associated technical limitations such as image threshold, beam hardening, ring artifacts, partial-volume effects, and lower plane resolution CT. These limitations may induce the uncertainty of the results. Despite these weaknesses, the results obtained from the analysis are still effective for studies of coal cleats characteristics. For future practical applications it is necessary to develop an image processing method that connects the CT data processing between CT images with coal deformation. With such a method, the size of the cleats and deformation density can be calculated from the CT images.
Conclusions
A total of 12 coals of low rank coal of Sajau Formation in Berau Basin were scanned for 3600 CT slices. These slices were used to reconstruct the 3D imaging cleats orientation. By means of 3D X-ray tomography, face cleats and butt cleats, as well as their orientation and microcleat generation, were successfully determined based on crosscutting relationships.
Based on the CT scan technique used, the Sajau coals were categorized as a moderately to highly developed cleat system. The cleat fractures were parallel, inclined, or perpendicular to the bedding planes of the seam, and the open spaces were filled with mineral matter, such as kaolinite, calcite, anastase, and pyrite. Crosscutting relationship indicated by X-ray CT scan analysis clearly showed that the NNE-SSW cleats were formed earlier than NW-SE cleats.
